4A3288).
Introduction
Catechol-0-methyltransferase (COMT) inactivates catecholamine neurotransmitters, catechol hormones, and xenobiotic catechols in a variety of different tissues (Creveling and Hartman, 1982; Axelrod and Tomchick, 1958) . The highest COMT enzyme activity has been found in the liver, followed by the submaxillary and parotid glands, pancreas, adenohypophysis, neurohypophysis, different brain areas, peripheral nerves and ganglia, and blood vessels (Axelrod et al., 1959) . Despite the relatively wide and abundant distribution of the enzyme in rat tissues, the exact cellular localization of COMT is not completely known. Only a few immunohistochemically applicable antibodies against isolated native enzyme have been described (Veser and Martin, 1986; Kaplan et al., 1980; Inoue et al., 1977) . Rabbit antisera have been used to localize the enzyme in, e.g., lymphoid tissue and bone marrow (Inoue and Creveling, 1980) , parotid gland (Inoue et al., 1982) , pregnant rat uterus , rat oviduct and corpora lutea (Inoue and Creveling, 1986) , and brain (Kaplan et al., 1979 (Kaplan et al., ,1981a . Recent characterization of the rat and human COMT enzymes Kalkkinen, 1990,1991) and cloning of their cDNAs (Bertocci et al., 1991; Lundstrom et al., 1991; Salminen et al., 1990) has provided new tools to study the functions and tissue localization of the COMT enzyme. The purpose of this study was to investigate the cellular localization of the COMT enzyme in rat tissues with the aid of a specific antiserum against purified recombinant rat COMT enzyme. immunization was done in the presence of Freund's complete adjuvant followed by three booster immunizations in Freund's incomplete adjuvant at 2, 6, and 10 weeks after the first immunization. Guinea pigs were bled 1 week after the last booster and the antisera were used for immunoprecipitation, immunoblotting, and immunocytochemistry.
Control sections were incubated with antiserum pre-absorbed with 120 pglml of the purified antigen (recombinant rat COMT) in optimally diluted antiserum, or the pre-immune guinea pig serum.
To idenufy the COMT-immunoreactive cells, double staining with other antisera or, when not possible, immunostaining of adjacent mirror sections In Vim Ttanscription, "lation and Immunoprecipitation. RNA coding for the membrane-bound and soluble COMT (MBand S-COMT, respectively) was synthesized by using T7 RNA polymerase and a rat MB-COMT cDNA clone in pGEM-42 (Promega Biotech Madison WI) as described previously . RNA 400 pg was translated in vitro by rabbit reticulocyte lysate (Promega Biotech) in the presence of [3'S]-methionine. In vitro translation of the MB-COMT form creates both the full-length (28 KD, MB-COMT) and the shorter COMT form (24 KD, S-COMT) in roughly equimolar ratios. In the shorter form the translation is initiated at methionine at position +44 in relation to the membranebound translation product. Translation was carried out at 31'C for 1 hr and 10 pl of the lysate was subjected to immunoprecipitation using 1 pl or 5 pl of guinea pig pre-immune serum or polyclonal S-COMT antiserum. The lysate was diluted with 400 p1 of NET buffer (1% Nonidet P 40, 0.4 M NaCI, 0.05 M Tris-HC1, pH 8,0.005 M EDTA) and mixed with the antisera at room temperature (RT) for 1 hr. After adding 160 pl of 25% protein A-Sepharose (Pharmacia; Uppsala, Sweden) in NET buffer, the mixing was continued for 1 hr and the precipitates were washed five times with NET buffer and once with distilled water. The precipitates were dissolved into the gel loading buffer, boiled, and analyzed in 10% SDS-PAGE (Laemmli, 1970) .
Sample Fkpmtion for Immunoblotting. Rat tissues were homogenized in 10 mM sodium-phosphate b&r, pH 7, containing 0.2 mM phenylmethylsulfonyl fluoride and the homogenate centrifuged at 2500 rpm for 20 min. The proteins in the supernatants were separated on 10% SDS-PAGE (Laemmli, 1970) , followed by electrophoretic transfer onto polyvinylidene difluoride membranes (PVDF, Immobilon P, Millipore) (Towbin et al., 1979) . The filters were treated with a guinea pig anti-COMT antiserum (1:200 dilution) in PBSIO.1% Tween 20 and 5% (w/v) non-fat dry milk for 1.5 hr at RT (Johnson et al., 1984) . followed by peroxidase-conjugated sheep anti-guinea pig Ig (Boehringer Mannheim; Mannheim, Germany) for 1 hr at RT. 4-Chloro-1-naphthol (Sigma; St Louis, MO) was used as the substrate (Harlow and Lane, 1988) .
Immunocytochemistry. For immunocytochemistry, both cryostat and paraffin techniques were used. Adult male Wistar rats weighing 200-300 g were anesthetized with sodium pentobarbital and perfused through the left heart ventricle with 150 mlO.9% saline, followed by 200 ml cold 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7. The tissues were removed immediately and immersed in the same fixative for 2-4 hr. For cryostat sections, tissues were then transferred into 0.1 M sodium phosphate buffer, pH 7.4, containing 20% sucrose, for at least 24 hr. Cryostat sections 20 pm thick were collected on gelatin-coated slides, air-dried for 30-60 min and washed twice for 10 min in PBS containing 0.1% Triton x-100 (PBS-T). The cryostat sections were incubated for 24 hr at 4'C in the specific COMT antiserum diluted 1:200 in PBS-T, containing 1% normal rabbit serum to inhibit nonspecific binding of the secondary antiserum. The samples were then washed twice for 10 min with PBS-T, incubated with fluorescein isothiocyanate-conjugated rabbit anti-guinea pig immunoglobulins (Dakopatts; Copenhagen, Denmark) diluted 1:40 in PBS-T for 60 min at RT. The sections were washed with PBS and embedded in a mixture of glycerol and PBS (1:l. v/v) for microscopic examination. For paraffin embedding, after fmtion the tissues were transferred to phosphate buffer, pH 7.4, for 24 hr at 4'C. Tissues were dehydrated through a graded ethanol series and embedded in paraffin. Sections of 6 pm were cut. For immunohistochemical staining, paraffin sections were deparaffinized with xylene and rehydrated through a graded series of ethanol. Immunohistochemical staining of the sections was performed as described above.
with COMT and antibodies against specific cell markers was performed. In addition, specific histochemical staining methods were used. In pancreas, double staining with guinea pig antibodies against COMT and rabbit antiserum against somatostatin (Milab; Malmo, Sweden), and staining of mirror sections with guinea pig antibodies against COMT and insulin (Otonkoski et al., 1988) were performed. Control sections of pancreas were incubated with antisera pre-absorbed with the corresponding peptides. Only somatostatin (10 pM) (Peninsula; Belmont, CA) abolished the reaction obtained with the somatostatin antiserum, and only insulin (10 pM) (Novo Research Institute; Bagsvaerd, Denmark) abolished the immunoreactivity obtained with the insulin antiserum. In pituitary, double stainings with antibodies against COMT and neurophysin (rabbit antiserum; Dakopatts), luteinizing hormone (rabbit anti-LH; a kind gift of Dr. A. F. Parlow) were performed as described earlier (Panula and Lindberg, 1987) . In hypothalamus, double staining of the sections with antibodies against COMT and glial fibrillar acidic protein (rabbit anti-GFAP Dakopatts) [specific for glial cells and a mouse monoclonal neurofilament (NF)]; (Virtanen et al., 1985) antibody, specific for neurons, was carried out. Immunohistochemistry was performed as described above but replacing the primary and secondary antibodies as follows. Primary antibodies were used in the following dilutions: somatostatin 1:lOO-200; insulin 1:500, neurophysin 1500; LH 1:2000; and GFAP 1:500. With somatostatin, neurophysin, LH, and GFAP antibodies, the secondary antibody was rhodamine-conjugated swine anti-rabbit immunoglobulins (Dakopatts) diluted 140, with insulin antibodies, fluorescein isothiocyanate-conjugated goat anti-guinea pig immunoglobulins (Cappel; West Chester, PA) diluted 1:100, and with NF antibody rhodamineconjugated goat anti-mouse immunoglobulins (Dakopatts) diluted 1:40. Glucagon-producing cells in pancreas were identified by the Grimelius silver method (Grimelius, 1968 ) on mirror sections. Kuppfer cells in the liver were identified by detecting endogenous peroxidase with 3.3-diaminobenzidine (DAB; Sigma), 25 mg/100 ml0.05 M Tris-HC1 buffer. pH 7.6, including 30 pl H202 after immunostaining of the same sections for COMT and photography. Adjacent mirror sections stained with the two methods were also compared. The specimens were examined under a Leitz Aristoplan microscope equipped with an appropriate filter system and were photographed with Leitz Orthomat camera on Kodak T-Max film (400 ASA).
Results

Characterization of the Anti-COMT Antisemm
To characterize the properties of guinea pig anti-COMT antiserum raised against recombinant E. coli-produced rat S-COMT protein, we performed immunoprecipitation analysis on COMT proteins produced by in vitro translation. Both membrane-bound (MB-COMT, 28 KD protein) and soluble COMT (S-COMT, 24 KD protein) polypeptides could be immunoprecipitated with the antiserum (Figure 1 , Lanes 3-5) with equal efficiency, showing that the antiserum recognized the two forms of COMT. Equal amounts of the guinea pig pre-immune serum did not precipitate the in vitrosynthesized COMT products. Westem blots on rat tissues and immunoprecipitations on 35S-labeled cell cultures (Tenhunen et al., 1993) revealed that the antiserum also reacted weakly with other proteins. As shown later, this nonspecific reaction was not seen in the immunocytochemistry when pre-absorbed antiserum was applied. 
Tissue Distribution of MBand S-COMT Foms
The availability of antibodies that recognized both the 28 KD MBand 24 KD S-COMT forms enabled us to look for the tissue distribution of these rovo forms of enzymes. This was done by immunoblotting, since the two molecular weight forms can be separated.
The 24 KD COMT protein was the predominant form of enzyme and was detected in all tissues studied. It was seen in the liver (Figure Zb) , kidney. lung. corpus and pylorus of the stomach, in small intestine (duodenum and ileum), adrenal gland and spleen (Figure 2a) . and in different parts of the brain, including the cerebral cortex, hypothalamus, thalamus, cerebellum, and pons-medulla ( Figure Zb ). It was also detected in pituitary ( Figure Zb ). The 28 KD MB-COMT protein was detected in liver and kidney. Overloading of the immunoblots also revealed the presence of MB-COMT in brain and intestine (data not shown). The 28 KD MB-COMT form therefore constitutes only a small portion of all COMT reactivity in rat tissues.
Other bands observed in the immunoblots, larger than the 28 KD one (Figure 2 ). were apparently not related to COMT. as the recombinant COMT protein in immunocytochemistry also abolished all staining from these tissues.
Immunocytochemistry
Lim, Kidney, and Spleen. Immunostaining of these tissues was carried out to find out if tissues previously known to contain considerable amounts of COMT are stained with our antiserum. Essentially all hepatocytes displayed intense COMT immunoreactivity (ir) in rat liver (Figure 3a) . No immunoreactivity was seen in samples incubated with control serum (not shown) or prc-absorbed antiserum ( Figure 3b ). Identified Kuppfer cells displayed no immu-1081 1 2 3 4 5 6 7 8 9 a 1 2 3 4 5 6 7 8 9 nostaining (data not shown). Bright immunofluorescence was also seen in proximal and distal tubules and collecting ducts of kidney (Figure 3c ). All immunoreactivity disappeared after pre-absorption of the antiserum with recombinant COMT protein (120 pglml diluted antiserum; Figure 3d ). In spleen, intense COMT-ir was seen in the white pulp (Figure 3e ). Large COMT-immunoreactive cells in the periphery of the germinal centers formed a ring around the germinal center (Figures 3e and 3f) . Some COMT-it cells were also found in the red pulp of the spleen.
Salivary Glands and Gastrointestinal (GI) Tract. Salivary glands were strongly immunoreactive for COMT. Bright immunofluores- cence was localized in small myoepithelial cells of the submaxillary gland and is clearly seen in the cytoplasm of the cells (Figure 4a) . The duct cells also contained COMT-ir. No immunoreactivity was seen in control sections (Figure 4b ). In the GI tract, COMT-ir was found in all tissues studied. In the corpus of the stomach, specific immunoreactivity was strongest in epithelial cells of the gastric pits (Figure 4c ). All immunoreactivity was abolished after pre-absorption of the antiserum (Figure 4d ). In the pylorus, a similar distribution of immunoreactivity was evident (Figure 4e ). Epithelial reaction was also seen in the duodenum (data not shown) and ileum (Fig-h ure 4f). No immunoreactivity was again seen in samples incubated with pre-absorbed antiserum (Figure 4g ). Endocrine cells throughout the GI tract did not display significant immunofluorescence. Endocrine Organs. In pancreas, bright COMT immunofluo- rescence was seen in the islet cells (Figure 5a ). This immunoreactivity disappeared totally after pre-absorption of the antiserum (Figure 5b) . Staining of the mirror sections with insulin antiserum and double staining with a somatostatin antiserum localized COMT mostly to insulin-producing 8-cells and somatostatin-producing D-cells ( Figures SC, )d, 5g. and 5h) . Glucagon-producing a-cells were visualized with Grimclius silver technique in the mirror scctions and COMT was not detected in glucagon-producing cells (Figurcs Se and 5f ). In the adrenal gland, COMT-ir was found in the zona glomcrulosa of the cortex (Figure 5 ). In the thyroid gland, epithelial cells displayed COMT-ir (data not shown).
CATECHOGO-MEITWKTRANSFERASE IN RAT TISSUES
Brain and Pituitary Gland. In rat brain, the most intensely stained structures were the ependymal cells of the lateral ventricles and the third and fourth ventricles (Figure 6a) . No COMT-ir was seen in control sections incubated with pre-absorbed antiscrum (Figure 6b) . Double staining of this brain area with COMT and GFAP antisera showed that COMT was clearly localized to the ependymal cells, whereas GFAP-ir glial cells surrounding the third ventricle I were negative (Figures 6c and 6d) . Cells of the choroid plexus also displayed intense immunoreactivity (Figure 6f ). All circumventricular areas in the rat brain displayed modcrate immunoreactivity. In the cerebellum. Bergman glia displayed weak to moderate immunoreactivity. COMT-ir was co-Iocalizcd to the same cells with GFAP (data not shown). The pial surface of the brain displayed COMT-specific staining (Figure be) and immunoreactivity was also seen in the endothelial layer and in the outer layer (tunica advcntitia) of arteries (Figure 6e ). Weak to modcrate punctate COMT-ir was found in the striatal neuropil (Figure 6g ) and in the neuropil of the cerebral cortex (Figures 6h and 6i ). In the median eminence, processes of tanrcytes werc strongly immunoreactive for COMT (Figure 7a) . All COMT-ir disappeared after pre-absorption of the antiserum (Figure 7b ). Double staining of the median eminence with COMT and GFAP antisera localized COMT-ir partly to the samc cell structures with GFAP-ir (Figures 7c and 7d ). In the median eminence. COMT was not localized in neurofilamcnt-positive processes of neurons. as indicated by double staining of the samples with COMT ( Figure 7e ) and NF antisera (Figure 7f ). In pituitary gland, intense COMT-ir was seen in thc posterior lobe. presumably in pituicytcs (Figure 8a ). Double staining of pituitary with COMT and neurophysin antisera showed that COMT-ir and ncurophvsin-ir were located in diffcrcnt structures (Figures 8c and  8d ) and thus in diffcrcnt cells than vasopressin and oxytocin. Very intense immunofluorescence in the intermediate lobe was confined to the cleft cells (Figure 8a ). whereas all endocrine cells appeared to be nonreactive. Weak COMT immunofluorescence was found in the endocrine cells of the anterior lobe (Figures 8a and 8e ). Double staining of the sections with COMT and LH antisera localized part of the COMT-ir to thc samc cells as LH-ir (Figures 8c and  8f ). There were also some LH-ir cells that were not COMT-ir ( Figures  8c and 8f) . No immunoreactivity was seen in control sections of pituitary gland (Figure 8b) .
Spinal Cord and Spinal Ganglia. In spinal ganglia, a population of small sensory neurons contained COMT-ir (Figure %a) . Wcak. evenly distributed COMT-ir was characteristic of the gray matter of cervical spinal cord, except for the superficial laminae of the dorsal horn, where moderately intense immunoreactivity was found (Figure 9b ).
Eye. The ciliary body was very intensely immunoreactive for COMT (Figure loa) . In the retina. intense COMT-ir was confined to the ganglion cell layer and the nerve fiber layer (Figure lob) . 
Discussion
In the present report we have described the distribution of catccholo-mcthyltransfcrasc enzyme in various organs of adult rat. COMT protein was a very poor immunogen in rabbits, but guinea pigs produced specific antibodies in high titers and this enabled us to carry out the immunohistochemical analysis. In this analysis the key question is the specificity of thc antisera. First, the COMT protein used as an immunogen was produccd by recombinant methods in E. coliand is therefore devoid of all the possible eukaryotic cell components that could co-purify or contaminate the tissue-derived enzyme. Second, immunoprecipitation and immunoblotting analysis revealed that both the MB-and S-COMT forms are rccognizcd by the antibodies (Figures 1 and 2 ). Pre-absorption of the antisera with purified COMT protein also abolished the immunoreactivity in tissues. Third, tissues with known high COMT activity and COMT protein content, e.g.. liver, spleen, and kidney, were strongly immunoreactive. On the basis of these facts. we believe that our antisera can reliably be used for immunohistochemical and immunoelectron microscopic studies for localizing the COMT enzyme in diffcrcnt tissues and subcellular structures. the COMT protein. Intensities of COMT-specific immunostaining in the ependyma, choroid plexus, tanycytes of the median eminence, and some other astrocytes were in agreement with previous immunohistochemical studies (Creveling and Hartman, 1982; Kaplan et al., 1979 Kaplan et al., ,1981a . Only a portion of neuronal elements can be stained with antibodies against NF, and GFAP immunoreactivity is most prominent in reactive astrocytes. Light microscopic examination was not sufficient to determine whether the immunoreactivity in the neuropil was located in nerve terminals or glial processes. However, no immunoreactivity was found in identifiable nerve cell bodies in the brain. Neuronal COMT was demonstrated in spinal ganglion cells and COMT immunoreactivity in the superficial layers of the dorsal horn was stronger than that in other layers of the spinal cord. This suggests that a portion of COMT immunoreactivity in the spinal cord may originate from the spinal ganglia. The presence of both Sand MB-COMT forms in the rat I I and human brain has previously been detected with cell fractioning and enzyme activity measurements Grossman et al., 1985; Jeffery and Roth, 1984; Rivett et al., 1983; Roth. 1980; White and Wu, 1975; Broch and Fonnum. 1972) . Immunoblotting studies suggested that S-COMT was the major form in all brain areas studied. The membrane-bound form was also de-I i tected in rat brain by overloading the immunoblots. Immunoelectron microscopic studies are in progress to determine the cellular and subcellular distribution of COMT-ir in the neuropil. In pituitary gland, very strong immunoreactivity in pituicytes of the posterior lobe was in agreement with a high activity in this tissue hmunoblotting and immunohistochemical experiments showed that the COMT protein was found in nearly all tissues in adult rat, but there were, however, quantitative and qualitative differences from one organ to another.
Bright immunofluorescence was seen in the liver, which has the highest COMT activity (Guldberg and Marsden. 1975; Axelrod et al., 1959) . Intense staining was also observed in kidneys, in which COMT activity is high (Guldberg and Marsden, 1975; Ax'elrod and Tomschik, 1958) . The distribution of the immunoreactivity in most tissues was in agreement with previous immunohistochemical studies (Creveling and Hartman. 1982) and with the analysis of COMT mRNAs from rat tissues (Tenhunen et al., 1993) . According to immunoblotting results, the 24 KD S-COMT form was predominant in all tissues studied as detected previously (Guldberg and Marsden, 1975; Kopin, 1985) . The cellular localization of the immunoreactivity in various organs, e.g., in brain, pituitary gland, kidney, spleen, and eye, supports the previous suggestion that COMT enzyme has a barrier function between different compartments of catecholamines. (Creveling and Hartman, 1982; Kaplan et al., 1979 Kaplan et al., ,1981a . In brain, the immunocytochemical method used here revealed a predominantly non-neuronal localization of (Axelrod et al., 1959) . Lack of COMT immunoreactivity in neurophysin-ir structures suggests that COMT in the posterior lobe I __ is restricted to pituicytes. In the intermediate lobe, strong COMT-ir in the cleft cells has been reported earlier (Creveling and Hartman, 1982) . The presence of COMT-ir cells in the anterior lobe indicates that inactivation of catechols in the pituitary gland may occur in all three divisions of the gland. As the epithelial cleft cells of the intermediate lobe are in direct contact with the endocrine cells of the intermediate lobe and the colloid (Stoeckel et al., 1981) , the probable function of the COMT in these cells is to prevent the access of catechol-containing circulating substances in the cleft colloid from reaching the almost avascular, neuronally controlled intermediate lobe.
In the gastrointestinal tract, COMT-ir was found in epithelial cells that are in direct contact with the lumen. This localization suggests that inactivation of xenobiotic catechols occurs at least partly in these cells. Lack of detectable COMT-ir in the other parts of the epithelium was conspicuous, and it will be interesting to investigate the regulation of the COMT gene expression. The recent isolation and analysis of the regulatory regions of rat COMT gene should make such studies feasible (Tenhunen et al., 1993) .
In addition to its barrier function in various organs, COMT may participate in inactivation of catecholamine transmitters in neural tissue. Electron microscopic immunocytochemistry may be useful in determining whether COMT in the brain is found in preor postsynaptic elements or in glial processes surrounding the synapses. At present it is not known whether COMT resides on the plasma membrane or in intracellular membranes of neurons or glial cells, e.g., in the endoplasmic reticulum. This is physiologically important because an intracellular enzyme can act only on catecholamines that are taken up by the cells.
